Environmental effects of genetically modified plants are not yet fully understood. Experiments were conducted to determine relative amounts of the bioactive Bt protein in roots, leaves and stems of Bt maize and persistence of the protein in two soil forms (Shortlands and Oakleaf). The Bt protein activity was bioassayed using 2 nd to 3 rd instar larvae of diamondback moth, Plutella xylostella (L.) (Lepidoptera: Plutellidae). Bioassay results showed that the extracts from different parts of Bt maize plants were equally toxic and caused overall larval motility of over 70%. It was also found that two years' storage of dried Bt maize material at room temperature, did not reduce the pesticidal activity of the protein toxin. When Bt maize plant materials were incubated in soils for two weeks under glasshouse conditions, the extracted toxin caused 20% larval mortality and within 7 weeks of incubation in both soils, the extracts obtained caused <10% larval mortality. However, extracts obtained from Bt maize plant materials incubated in the field showed decreased larval mortality, from 60% to 30% in two weeks and remained >25% after 12 weeks of incubation in the Shortlands soil and from 55% to 15% within four weeks and eventually down to 10% in 23 weeks of incubation in the Oakleaf soil. The findings suggest that Bt maize plant parts contribute comparable amounts of Bt protein toxin to the soil, and toxin persistence in the soil appears to depend on soil type, and temperature and moisture conditions.
Introduction
Genetically modified crops such as Bt maize produce pesticidal proteins of Bacillus thuringiensis, a bacterium, and release them in soils as root exudates (Saxena, Flores & Stotzky, 1999) . Furthermore, the above-ground biomass of such crops is either fed to livestock, left on the surface as a mulch or incorporated into the soil to improve organic matter, resulting in more of the pesticidal protein additions to the soil. Significant quantities of the released Bt proteins sorb on soil particles and the sorption is dependent on clay mineralogy and soil pH (Venkateswerlu & Stotzky, 1992; Tapp, Calamai & Stotzky, 1994; Muchaonyerwa et al., 2002) . The sorbed proteins are protected from microbial degradation and they remain active (Crecchio & Stotzky, 2001; Chevallier, Muchaonyerwa & Chenu, 2003) . The bioactivity of Bt proteins in soil has been found to decrease rapidly, but significant levels may persist for extended periods of time (Sims & Ream, 1997) . Persistence of Bt proteins in soil may depend on soil type. It is known that soils containing large amounts of clay protect more proteins than the sandy soils (Sundaram, 1996) , whereas sesquioxides reduce the amounts of proteins adsorbed on soils and clays (Violante & Gianfreda, 2000; Muchaonyerwa, 2002) .
Most of the reported work dealing with Bt protein persistence in soil has been conducted under artificial laboratory conditions with controlled temperature and moisture. These conditions are not representative of field conditions where Bt maize plant residues are incorporated as whole plants and temperature as well as moisture fluctuations limit the rate of microbial degradation. The persistence of Bt proteins in the soil could expose non-target insects to such proteins for extended periods of time. While Bt proteins Cry1Ab, Cry1Ac and Cry3Bb1, in cotton, potato and maize, respectively, were reported to have no negative effects on soil mites and nematodes and Collembola (Yu, Berry & Croft, 1997; Al-deeb et al., 2003) , exposure of the Bt protein Cry1Ab in Bt maize could cause adverse effects, such as reduced growth to earthworms (Zwahlen et al., 2003) and possible pathogenicity on termites (Castilhos-Fortes, Matsumura & Diehl, 2002) . In view of such possibilities, the fate of the Bt proteins in soils under different field conditions needs to be ascertained especially in South Africa where Bt maize is grown. The study reported here investigated the pesticidal activity of the Bt protein (Cry1Ab) from different parts of dry Bt-maize plants, both recently harvested and those stored for two years at room temperature. Furthermore the pesticidal activity of extracts from Bt-maize plant residues incubated in two different soils under glasshouse and field conditions was tested. (D'Huyvetter, 1985; van Averbeke & Marais, 1991) . Both sites have alfisol type soils. The Upper Ncera soil was formed from dolerite parent material (Shortlands form in S.A. classification) and was rich in iron oxides and kaolinte but low in micas. It was under smallholder dry-land maize production during the previous five years.
Material and methods
The soil at the University of Fort Hare farm was the allu-vial type (Oakleaf form in S.A. classification), with high mica (2:1 mineral) and low kaolinite, hematite and quartz (Mandiringana et al., 2005) . The land had rotations of fallow periods with irrigated lucerne during the previous five years. This alluvial soil type occupies most of the river valleys, which are utilized for commercial irrigated vegetable and maize production in the Central Eastern Cape.
Analysis of soil characteristics
From each experimental site, soil samples of 100 kg were collected from 0-15 cm depth. The samples were air-dried, processed to pass through a 2 mm sieve and analysed for pH (in KCl), as well as extractable bases (Ca, Mg, K and Na) using the AMBIC 1 method (Fertilizer Society of South Africa (FSSA), 1990). Organic C was determined using the Walkley-Black procedure (Page et al., 1982) . Particle size distribution was determined with a hydrometer method (Anderson & Ingram, 1993) .
Production of Bt maize biomass
Transgenic (Bt-maize, MON810, cry1Ab gene) and the corresponding near-isogenic maize lines were planted at the University of Fort Hare Farm on 25 March 2003. Plot-sizes were 5 m x 5 m. As it was towards the end of the growing season, the crops were grown under irrigation. Basal fertilizer (2:3:2 (22); N:P:K) was applied at the rate of 220 kg ha -1 or 10 g hole -1
. Ten weeks after planting, the maize plants were uprooted and separated into roots, leaves and stems. The various parts were chopped and allowed to dry in a glasshouse for 6 weeks. The dried residues were ground to <2 mm and stored at room temperature.
In order to increase the amount of Bt maize plant material required for persistence studies in the field, Bt-maize (MON810) (cultivar CRN4549B) and the corresponding near-isogenic maize (cultivar CRN3549) lines were planted at the University of Fort Hare Farm on 13 November, 2003. The plots were 5 m x10 m set up in four blocks with Bt maize and the near-isogenic line in each block. The inter-and intra-row spacings were 0.9 m and 0.5 m, respectively. The plots were irrigated soon after planting to provide enough moisture for seed germination. Application of basal fertilizer and topdressing was done as indicated above. The plots were weeded by hand-hoeing, and supplementary irrigation was applied up to the 5 th week after planting. Twelve weeks after planting, the plants were uprooted and chopped into 5-to-10 cm pieces and allowed to dry in a glasshouse for six weeks. Bt-maize plant material was categorized according to the various parts of the maize plant and the bioactivity of Bt protein extracted from the parts was assessed using feeding bioassays. Furthermore, mixtures of roots, leaves and stems of each maize line (Bt maize and the near-isogenic line) were incorporated in two different soil types, , and incubated under glasshouse (60 g plant material in 3 kg soil) and field conditions (33 g plant material in 1.6 kg soil). Samples of these treatments were taken at various intervals and extracted. The extracts were subjected to feeding bioassays to assess the bioactivity of the Bt protein in the extracts.
Bioactivity of the protein toxin in different parts of Bt maize plants
Extraction of the Bt protein in different parts of maize plants (roots, leaves and stems), was done on materials of maize grown in 2003 as well as similar materials of maize grown in 2001 and stored at room temperature. Before storage the maize materials were dried, ground and kept in plastic bags. Extracts from ground maize plant material were prepared in a phosphate buffer as described by Muchaonyerwa et al. (2004) .
The potency of Bt protein in the extracts was biossayed using 2 nd to 3 rd instar larvae of the diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Plutellidae). The larvae were reared on rape seedlings, and maintained in an insectary at 24ºC ± 1 o C with 40-50% RH and a photoperiod of 16:8 (light: dark).
A modified leaf-painting bioassay technique (MacIntosh et al., 1990) , using rape seedlings at the two-leaf stage, was used. One intact rape seedling was carefully pulled from a cluster of rape seedlings growing in vermiculite contained in a plastic vial. Treatments of the seedlings involved dipping and swirling the leaves of the seedlings into the various maize plant extracts. Ten replicates were prepared for each treatment or maize plant extract. The roots and lower stem parts of the treated rape seedlings were wrapped in moist cotton wool and placed half way inside a glass vial. The rape seedling leaves protruding out of the glass vial were air-dried at room temperature. The air-dried rape seedling leaves were pushed into an open-ended glass tubing of the same diameter as the glass vial bearing the seedlings. Masking tape was used to hold the glass tubing and the glass vial together. Then, the rape seedling leaves were infested with a 2 nd -to-3 rd -instar larva of DBM. The open end of the apparatus was then covered with a piece of perforated parafilm. The bioassay consisted of allowing the larvae to feed for 72 hours after which larval percent mortality and survival were scored. All the feeding bioassays were done under the same conditions as those used for rearing the larvae.
Bioactivity of Bt maize toxin in materials incubated in Oakleaf and Shortlands soils under glasshouse conditions
Maize plant materials (Bt maize and the near-isogenic line) were incorporated into each soil type in separate plastic pots, at a rate of 60 g plant material in 3 kg soil. This rate was equivalent to 2% (w/w), which in turn corresponded with 20 t of maize plant biomass per hectare. Pots containing soils without maize plant materials were also prepared for purposes of moisture correction based on weight loss. Both types of pot preparations were adjusted to 20% moisture and incubated in the glasshouse, in a completely randomized design (CRD) with three replicates, and sampling was done after 0, 1, 2, 4, and 7 weeks of incubation. Samples of 30 g were collected from each replicate at each sampling and stored in a freezer at -18 o C until they were used.
During the incubation period all the pot preparations were watered regularly to replenish moisture loss through evaporation based on weight loss in the pots with unamended soils. Ambient temperature in the glasshouse was also monitored and recorded on a daily basis until the end of the incubation period.
In order to extract the protein toxin, soil samples collected and kept in the freezer as described above were thawed and 10 g of each sample was weighed in a plastic container. The weighed material was extracted with 10 ml of phosphate buffer. A milk shaker stirrer was used at low speed to homogenize the materials in the phosphate buffer suspension for 1 min. In order to allow the sand and coarse silt particles to settle the suspension was left to stand for 5 min at 25 o C. Rape seedlings were then treated with the supernatant followed by infestation with DBM larvae. Percent larval mortality and survival were determined after 72 h. The corrected mortalities were calculated using the following formula:
Corrected mortality (%) =(Xi -Xcontrol)/ (100 -Xcontrol) *100
where Xi was the observed mortality in treatments receiving Bt maize extracts and Xcontrol was mortality level observed in the treatments receiving the near-isogenic maize extracts.
Bioactivity of the Bt toxin in maize materials incubated in Oakleaf and Shortlands soils under field conditions
Dry Bt and near-isogenic maize plant materials prepared as described above were used in the field incubation experiment at Upper Ncera (Shortlands) and at the University of Fort Hare Farm (Oakleaf). In this experiment, 33 g of maize material (mixtures of leaves and stems) were incorporated in 1.6 kg soil contained in plastic pots (12.5 cm high, and top and bottom diameters of 15 and 10 cm, respectively). This rate was equivalent to 20 t of maize residues per hectare.
The pots were buried in the ground with the top of each pot at ground level. The experiment was arranged in a randomized complete block design, with three blocks, two treatments (Bt maize or isogenic line) replicated 5 times in each block to allow for destructive sampling.
Samples from the pots (after destructive sampling) were collected at 0, 2, 4, 12 and 23 weeks after the commencement of incubation. All the samples were dried at 40 o C, with periodic weighing until a constant mass was achieved. In the Shortlands, sampling was terminated after 12 weeks because the plastic pots containing the experimental materials were stolen in the field.
In order to extract the protein toxins the dried samples were ground (< 2 mm), suspended in phosphate buffer, and homogenized. As described in the glasshouse experiments, the extracts were bioassayed and the corrected mortalities were calculated.
Data collected in the glasshouse and field experiments were subjected to analysis of variance (ANOVA) using the Genstat Statistical Package (Genstat for Windows, 1997). Means were separated using the least significant difference (LSD) at P = 0.05 level.
Results

Soils characteristics
Compared with the Oakleaf soil, the Shortlands soil had double the amount of clay (Table 1) . Exchangeable cations and pH were comparable between the two soils. The Shortlands contained 1.45% organic C while the Oakleaf contained 1.39%.
Bioactivity of toxins in different parts of Bt-maize plants
Extracts from roots, stems and leaves of Bt-maize materials stored at room temperature for two years (2001 -2003) and those from Bt-maize grown in 2003 (recently harvested) were equally toxic to DBM larvae causing > 80% mortality (Table  2 ). This indicated that there was minimal degradation of Bt proteins over the two years of storage of dried residues at room temperature. Extracts from all the plant parts resulted in similar mortalities. In the near-isogenic maize line treatments (controls), mortality was 10% in the two-year-old root, stem, and leaf samples, whereas no mortality was recorded in the 2003 samples.
Bioactivity of the Bt protein in maize materials incubated in Oakleaf and Shortlands soils under glasshouse conditions
Incubation in Oakleaf and Shortlands soils resulted in loss of toxicity over the experimental period of seven weeks (Fig. 1) . Extracts from both soils caused 70% mortality (corrected) at the start of the experiment. Within the first two weeks of incubation the extracts resulted in only 20% mortality of the DBM larvae. Mortality due to extractable protein toxin decreased to <10% within seven weeks of incubation. During the incubation period in the glasshouse, mid-day ambient temperature fluctuated between 20 o C and 39 o C (averaged 28 o C) and it only decreased to below 25 o C during the second and the fourth weeks (Fig. 2) . 
Bioactivity of the Bt proteins toxin in maize materials incubated in Oakleaf and Shortlands soils under field conditions
Bt maize material incubated in the field showed a slightly lower decline in toxicity levels (Fig. 3) . Within the first two weeks of incubation DBM larval mortality (corrected) declined from 60% to 35% in material incubated in the Shortlands soil. On the other hand, extracts from material incubated in the Oakleaf soil caused larval mortalities which declined from 55% to 15% within the first four weeks of incubation. Thereafter larval mortality stabilized at approximately 10% between four and 23 weeks of incubation. In the Shortlands soil, the Bt protein caused over 25% mortality (corrected) after 12 weeks of incubation indicating a slower decline in protein toxin breakdown when compared with extracts from the Oakleaf soil.
Discussion
DBM larval mortalities due to Bt protein extracted from roots, leaves and stems of Bt maize plants were comparable. This suggested that the Bt protein gene was expressed equally in parts of the Bt maize hybrids grown in . However, Van Rensburg (2001 reported low Bt protein concentrations in silk, which was explained by large amounts of water in the silk, and lower toxicity of the upper stem of Bt maize hybrid PH133V08 to Busseola fusca (Fuller) when compared with the lower stem. The difference in our findings with those of Van Rensburg, especially on the stems, could be because stems were not separated into upper and lower stems, plant extracts were used, and toxicity of the extracts was tested against DBM, in our study. Our observation suggests that even if the stems and leaves could be fed to livestock, the roots left in the field would constitute a significant amount of the Bt protein residues added to soils, in addition to those added as root exudates during growth of the plants (Saxena, Flores & Stotzky, 2002) . If entire Bt maize plants get incorporated into the soil to improve organic matter, large amounts of the Bt protein can be added to the soil. Such large quantities suddenly introduced into the soil may cause adverse effects for non-target organisms. No reports were found in the literature on the effects of Bt crop residues on mortality of white grub larvae (Coleoptera; Scarabaeidae), which live and feed in the soil. Although MacIntosh et al. (1990) and Saxena & Stotzky (2001) reported that Bt maize protein had no detectable negative effects on mammals, bacteria, fungi, protozoa and earthworms, Castilhos-Fortes, Matsumura & Diehl (2002) reported that a number of Bt subspecies, including Bt subsp. kurstaki (the source of the Bt gene in Bt maize), were pathogenic to termites, which belong to Order Isoptera. This suggests that in some cases the toxic Bt proteins may not be absolutely specific as we expect them to be. This cross-order pathogenicity could, however, be harnessed to protect maize from termites which cause serious maize crop losses. As shown by the bioassay results, storage of the dry Btmaize plant materials at room temperature did not lead to Figure 3 Mortality (corrected) of DBM larvae fed on rape seedlings treated with extracts from Bt-maize materials incubated in Shortlands and Oakleaf soil types, respectively, for a 12-and 23-week period under field conditions. The bar represents least significant difference (LSD) at P = 0.05. degradation of the Bt protein over a two year period and no similar observations on stored dried residues could be found in the literature. However, the finding was in contrast with Zwahlen et al. (2003) , who reported a rapid degradation of Cry1Ab protein from Bt maize, in the field, when the maize leaves were placed on the soil surface. In our study, when the same maize plant materials were incorporated in soils and incubated over variable periods of time, toxicity of Bt protein in the extracts decreased rapidly from 70% to 20% mortality within two weeks of incubation. Within seven weeks of incubation in the glasshouse, the toxic effects of the extracts to the DBM larvae had declined to cause only 10% mortality. These observations concur with those of Sims & Holden (1996) , who reported that bioactivity of Bt protein (Cry1Ab) from Bt maize incubated in soil decreased to 10% of the original activity in 40.7 days. The observed lack of Bt protein degradation of dry Bt maize plant material over a two year period was probably due to absence of moisture which is required to aid degradation of organic materials by microorganisms. These results suggest that the Bt protein could persist for extended periods of time when stored, especially as a component of dried crop residues for livestock. Large quantities of such plant materials may result in a wide range of effects including, undesirable exposure of the Bt protein to both target and non-target organisms using crop residues as their habitat.
After 12 weeks of field incubation in soils the Bt protein maintained >25% and 10% mortality in the Shortlands and Oakleaf soil form, respectively. However, in Bt maize materials incubated in the two soil types under glasshouse conditions, Bt protein toxicity declined to <10% within 7 weeks of incubation. This difference was possibly due to the high temperatures (>25 o C) and optimum soil moisture conditions which prevailed in the glasshouse. Temperature remained generally high throughout the glasshouse incubation whereas, in the field, temperatures fluctuated normally and the experiment was carried out during the cool winter period between May and October. These findings were in agreement with those of Zwahlen et al. (2003) , who studied the degradation of the Cry1Ab protein in Bt maize leaves during autum, winter and spring in Switzerland. In their tillage treatments, the level of protein decreased rapidly to 20% of the initial levels within two months and thereafter degradation was much slower and was still detectable in the summer. However, they found that degradation was faster in the no tillage treatment where the leaves were placed at the surface, suggesting that the interaction of Bt maize materials with soil particles possibly contributed to the reduced degradation process in the tillage treatment.
The persistence of the Bt protein in the field, especially in the Shortlands soil form, was probably a result of the larger amount of clay, which is known to protect the protein toxins from degradation (Koskella & Stotzky, 1997; Chevallier et al., 2003) . Sundaram (1996) reported higher sorption of a protein from Bt subspecies kurstaki on a clay than a sand soil. Muchaonyerwa et al. (2004) also reported that the bioactivity of Bt maize residues added and incubated in a vertisol (760 g clay kg -1 ) in a pot experiment at room temperature, decreased rapidly from 76% to 30% in one week and remained essentially constant for the remaining three weeks of the experiment. The findings presented here are also in agreement with Stotzky (2004) , who reported that Bt proteins persist and remain insecticidal in soil as a result of binding on clays and humic substances, thus enhancing the possibility of environmental effects of Bt protein residues. The accumulation of such toxins in the soil may have far reaching consequences, especially in view of the fact that the effects of pesticidal transgenic plants in the agro-ecosystem and the greater environment are still poorly understood.
Conclusions
The pesticidal protein in Bt maize is produced throughout the plant, which implies that roots constitute a significant input of the protein into the soil. When stored at room temperature, the bioactivity of the dried Bt maize residues could be retained over two years, thereby increasing the risk of exposure to non-target organisms. Measurable bioactivity of the Bt protein remained in the soil even after 23 weeks of incubation under field conditions, again increasing the exposure to nontarget organisms.
More work is needed on the environmental effects of Bt maize residues, especially on beneficial organisms like insect parasitoids and other non-target organisms including termites, which are found on agricultural land where Bt maize could be grown.
